We performed direct numerical simulations (DNS) of turbulent channel flow of surfactant solution to investigate characteristics of modulated wall turbulence and turbulent drag reduction. In the simulations, the effect of surfactant solution was represented by the modified Bird-Carreau model for shear viscosity. Our simulations reproduced experimental features of turbulent flow of surfactant solution. One result was a drag reduction rate of 37%, which is in the range of low drag reduction. Considering instantaneous structures and turbulence statistics, our scale analysis found that modulation of turbulent flow of surfactant solution for the Newtonian fluid could be generally normalized with the local variable viscosity. Some additional corrections are, however, needed to apply this to predicting the dissipation rate, which the local viscosity affects directly in turbulent flow.
Introduction
In turbulent flow of surfactant solution, friction drag of wall turbulence may decrease remarkably under certain conditions (1) . The drag reduction effect is often used to improve efficiency of pump power of circulation systems because there is no degradation by loss in mechanical shearing, unlike polymer solution (2) . Thus, drag reduction using surfactant is an effective energy-saving method for fluid machinery with internal flow, and is expected to expand a range of applications (3) . In addition, we have to establish numerical simulation techniques for fluid flow that assume a surfactant solution to predict and optimize efficiency of fluid machinery. Usui et al. (4) have already proposed a model for a velocity profile with a scale-up law by the diameter effect of a pump by using the Maxwell model and a van-Driest type dumping function extended to viscoelastic fluid. The nonlinear shear viscosity in the model was expressed by using the modified Bird-Carreau model and an Arrhenius temperature dependence. This model predicts a wall friction coefficient agreeing with experimental results, and could successfully predict the energy-saving effect of adding surfactant to fluid machinery with circulation systems. On the other hand, predictions of statistics, turbulence structures, and friction coefficients are important for accurate estimation of wall heat transfer and flow properties. However, there is no proposed practical model to predict turbulent flow of surfactant solution and, moreover, we have never obtained enough information to develop new turbulence models. Many studies have tried to determine the mechanism by which surfactant solution reduces drag, and experiments have found the following (5) , (6) . The mean velocity profile corresponds of the streamwise component of the velocity fluctuation increases, whereas the intensities of the wall-normal and spanwise components and the Reynolds shear stress decrease. The small-scale component of the turbulence kinetic energy also decreases. In addition, the mean distance of velocity streaks increases with higher drag reduction rate. Most of these findings agree with experimental results for polymer solution, which show drag reduction (7) - (9) , and with simulation results for the same situations (10) - (13) . It is believed that rheological characteristics such as extensional viscosity and relaxation time become important for drag reduction because of the polymer solution effect (10) , (11) . On the other hand, studies on surfactant solution mainly focus on the influence of micellar structures. The micellar structures of surfactant molecules form rod micelles (14) . When the flow has a certain shear strength, the rod micelles assemble and increase the shear viscosity (15) , which is called the shear induced state (SIS).
We know that the non-Newtonian nature of the shear viscosity is the main cause of drag reduction (2) . However, drag reduction has been observed (16) , (17) even when the SIS does not occur.
In addition to experiments, some studies have examined mechanisms of drag reduction in more detail via numerical simulations. Yu et al. (18) used a Giesekus equation for surfactant solution that represented viscoelastic fluid and conducted direct numerical simulations (DNS) of turbulent channel flow. They found a change of the velocity fluctuation intensity that agreed with experimental results and quantitatively estimated an energy transportation budget. Then, by considering energy transportation, they found that the redistribution of the turbulence energy was suppressed. In this simulation, however, they expressed the rheological characteristics of surfactant solution with the stress change according to viscoelasticity characteristics, which had the shear thinning of viscosity, but they did not consider the effect of the SIS. Ohshima et al. included the SIS when conducting DNS of a single low-speed streak and of a pair of quasi-streamwise vortices focusing on elementary motions in turbulent flow, and estimated the influence of non-Newtonian viscosity of surfactant solution on each element. They expressed the property of surfactant solution with the SIS using the constitutive equation of generalized non-Newtonian viscous fluid and the modified Bird-Carreau model proposed by Usui et al. (4) . They visualized instantaneous structures, turbulence statistics and energy transportation and studied the effect of surfactant solution on wall turbulence. They found that the surfactant solution mainly caused disappearance of quasi-streamwise vortices due to the effect of non-Newtonian viscosity on swirl motion. It is well known, however, that streaky structures of velocity fluctuation and quasistreamwise vortices sustain and regenerate each other in fully developed wall turbulence, although the study by Ohshima et al. (19) did not consider such fully developed turbulent flow. Therefore, these results have not been confirmed for practical wall turbulence. In this study, we conducted DNS of turbulent channel flow of surfactant solution to study the non-Newtonian effect of the SIS on fully developed wall turbulence. We expressed the SIS effect of surfactant solution with a combination of the constitutive equation for generalized non-Newtonian viscous fluid and the modified Bird-Carreau model, as did Ohshima et al. (19) .
Consequently, we clarified the difference in wall turbulence of surfactant solution and Newtonian fluid by considering instantaneous turbulence structures, turbulence statistics and energy transportation. Moreover, we found that, by changing the reference scale for normalization from the case of Newtonian fluid, it is possible to observe spatial characteristics of turbulence structures as with Newtonian fluid. We expect that these results will be helpful in developing a turbulence model for surfactant solution. Figure 1 shows the schematic of the computational domain we used for turbulent channel flow. In the simulation, the coordinates in the streamwise, wall-normal and spanwise directions are indicated by x, y, z, or x i (i = 1, 2, 3) , and the components of the velocity by u, Vol.7, No.3, 2012 The fundamental equations describing flow of surfactant solution are the incompressible continuity equation
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Here, p, ρ and τ i j indicate the pressure, density and deviatoric stress tensor respectively. In the simulations, all properties are normalized with the channel width H and the mean friction velocity u τ . For a Newtonian fluid, Eq. (2) becomes the Navier-Stokes equation by using Newton's law of viscosity,
as the deviatoric stress tensor, where μ is the viscous coefficient and D i j is the deformation rate tensor. Following Ohshima (19) , for a surfactant solution we used the constitutive equation for generalized non-Newtonian viscous fluid,
and the modified Bird-Carreau model,
where η S is the shear viscosity, η E the stretching viscosity,γ the strength of the shear rate, η 0 the zero shear rate viscosity, η ∞ the infinite shear rate viscosity, t r the relaxation time, and n a nondimensional parameter respectively. In the simulations, we assumed that the stretching viscosity η E for surfactant solution is constant and the same as the viscosity μ of Newtonian fluid.
To express the SIS effect of surfactant solution, we introduced an initial viscosity state and a plateau viscosity state. We adopted an initial viscosity forγ < 10 and a plateau viscosity forγ > 30 as shown in Fig. 2 . The viscosity for 10 ≤γ ≤ 30 was interpolated linearly between the initial viscosity and plateau viscosity. Ohshima et al. (19) used the parameters determined by Usui et al. (4) for the modified Bird-Carreau model. However, because their model parameters were not suitable for flow fields in which the effect of drag reduction occurred at a low Reynolds number, we used parameters adjusted to reduce viscosity change as shown in Table 1 . So the fluid property assumed in this study does not exactly agree with that of Science and Technology Vol.7, No.3, 2012 Fig . 2 Adjusted viscosity model for shear rate surfactant solution measured by experiment, but we judged that this modification did not significantly affect the results because we did not intend to reproduce the experimental results quantitatively.
In the simulation, we used collocated computational grids. The grids were distributed uniformly in the streamwise and spanwise directions and more densely near the wall according to the function tanh in the wall-normal direction. For boundary conditions, we applied a nonslip condition on the wall, and used a periodic boundary condition in the streamwise and spanwise directions to simulate flow in a virtually infinitely large field between parallel walls. A constant pressure gradient in the streamwise direction was applied continuously to the flow field to maintain the main flow. We approximated the spatial differentiation in the fundamental equations and the constitutive equation with a 4th-order central finite difference. For the time integral, we used the fractional step method with the 2nd-order Adams-Bashforth method for the convection and viscous terms, the Backward Euler method for the pressure term and the continuity equation. We solved the pressure Poisson equation using the residual cutting method (20) . The computational conditions are shown in Table 2 .
Averaged physical quantities of the simulation results are indicated as ( ), and fluctuation components as ( ) . To estimate the statistics from the results, we calculated a time average for a long enough time after turbulence had fully developed and become quasi-steady, and a spatial average in the streamwise and spanwise directions in which turbulence was homogeneous.
Results and Considerations
Estimation of the Drag Reduction Effect
The relation between the wall friction coefficient C f and the Reynolds number Re b is shown in Fig. 3 . Here, the Reynolds number Re b on the horizontal axis is defined with the bulk mean velocity U b and the channel width H. The simulation results at Reynolds numbers Re τ = 200, 300 and 600 based on the wall friction velocity u τ and the channel width H are plotted in the figure to investigate the dependence on the flow condition. In addition, we Science and Technology Vol.7, No.3, 2012 (21) for each Reynolds number, but we omit the details here. Furthermore, the wall friction coefficient in the case of Newtonian fluid corresponds to the prediction of Dean's experimental formula. However, the coefficient for surfactant solution is close to Virk's maximum drag reduction asymptote rather than the prediction for fully developed turbulent flow. Then, it departs from Virk's asymptote as the Reynolds number increases. The drag reduction rate
is 35% for Re τ = 200, 37% for Re τ = 300 and 25% for Re τ = 600, where C f N and C f S are the wall friction coefficients for Newtonian fluid and surfactant solution at the same Reynolds number Re τ respectively. This means that our simulations reproduced flow fields with a low drag reduction rate of DR < 40%. Figure 4 shows the wall-normal distributions of the Reynolds shear stress R 12 at each Reynolds number. Here, the superscript + denotes normalization with the wall friction velocity u τ = τ w /ρ (τ w is the wall shear stress estimated from the simulation results) and the kinetic viscosity ν = μ/ρ. The Reynolds shear stress of surfactant solution is smaller than that of Newtonian fluid as in past studies on surfactant solution (5) , (6) . For a low Reynolds number Re τ = 200, which is close to the transition range, the Reynolds shear stress vanishes and the flow tends to laminarize. However, because of the non-Newtonian effect of the shear viscosity, the coefficient is relatively larger than that of Newtonian fluid. To focus on the SIS effect on fully developed wall turbulence in this study, we show the results for Re τ = 300 in which turbulence remains and the profile departs from that of Newtonian fluid. Figure 5 shows the wall-normal profile of the mean streamwise velocity at Re τ = 300. The velocity profile shown in the figure as an auxiliary line
is the Virk's asymptote, which is known as a velocity profile when the drag reduction rate is large (6) . The velocity profile of surfactant solution coincides with u + = y + in the viscous sublayer (y + < 5), but it is away from the velocity profile of Newtonian fluid in the buffer layer (5 < y + < 30) and is larger than the velocity profile in the log layer (y + > 30). This tendency corresponds to the experimental result of a relatively small drag reduction rate (DR = 26%) by Itoh et al. (6) .
As mentioned above, the simulation results for wall turbulence of surfactant solution with viscosity properties different from those of Newtonian fluid show a drag reduction and mean velocity profile agreeing with those of experiment with a similar drag reduction rate. Therefore, assuming that we can reproduce wall turbulence with drag reduction even at a relatively low Reynolds number, we use the simulation results for Re τ = 300 to analyze turbulence structures specific to surfactant solution.
Modulation of Wall Turbulence of Surfactant Solution 3.2.1. Instantaneous Structures in Wall Turbulence
We investigated instantaneous structures in wall turbulence of surfactant solution with drag reduction. Figure 6 shows distributions of quasi-streamwise vortices visualized with isosurfaces of the streamwise component of vorticity (ω + x = ±0.2) in instantaneous turbulent flows of Newtonian fluid and surfactant solution. In the figure, we look down at one wall from the center of the channel, and the main flow goes from left to right. The black border indicates the size of the computational domain normalized with the wall friction velocity u τ and the kinetic viscosity ν. In the case of Newtonian fluid, quasi-streamwise vortices distribute over the entire region. In contrast, in the case of surfactant solution, we observe fewer vortices, meaning that the vortices have decayed. The DNS of a pair of vortices by Ohshima (19) also predicted this decay.
Next, Fig. 7 depicts low-speed regions (u + = −2) for Newtonian fluid and surfactant solution at the same time as Fig. 6 . Low-speed streaky structures exist in the flow field of surfactant solution as well as Newtonian fluid. However, the size is larger, and the spanwise distance of each streak is also larger than that of Newtonian fluid. In the DNS of a single low-speed streak, Ohshima et al. (19) found that streaks decayed even though the tendency was not clear compared with quasi-streamwise vortices. In this study we confirmed that, unlike a single low-speed streak of surfactant solution, the low-speed streaks in fully developed wall turbulence continued to exist by interacting with surrounding turbulence structures.
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Turbulence Statistics
From the viewpoint of turbulence statistics, we examined modulations of the instantaneous structures in wall turbulence of surfactant solution. First, the wall-normal distribution of the streamwise vorticity fluctuation intensity ω + x rms is shown in Fig. 8 . The vorticity fluctuation intensity for Newtonian fluid is large in the buffer layer between the viscous sublayer and the log layer, but that of surfactant solution is small over the entire region, especially in the buffer layer.
Next, Fig. 9 shows the distributions of the streamwise, wall-normal and spanwise velocity fluctuation intensities u That is, the peak position for surfactant solution is further away from the wall. This tendency matches the results of the experiment by Itoh et al. (6) and the numerical simulation by Yu et al. (18) .
The above results show that the decay of instantaneous quasi-streamwise vortices corresponds to the decrease of the vorticity fluctuation intensity. Ohshima et al. (19) found that strong interaction with the local high viscosity by the SIS around vortices causes the vortices to decay. Similarly, in fully developed wall turbulence, we expect that the relatively high viscosity Science and Technology Fig. 9 confirms that the low-speed streaks observed in Fig. 7 (b) are intensified quantitatively.
Mechanism of the Turbulence Modulation
We estimated the terms in the transport equation for the Reynolds stress to know the influence of surfactant solution on wall turbulence. The transport equation for the Reynolds stress has the form
where C i j is the convection term, P i j is the production term, Φ i j is the pressure-strain correlation term, D T i j , D Vi j and D Pi j are the turbulence, viscous and pressure diffusion terms, i j is the viscous dissipation term, and A i j is an additional non-Newtonian term (19) . Ohshima et al. (19) investigated the relation between the elementary motions in turbulent flow and the local distribution of the diffusion. However, we focused on mechanisms for sustaining fully developed turbulent flow and examined the high-order turbulence statistics related to change of the turbulence kinetic energy in the flow field. First, Fig. 10 shows the profiles of the production term P (18) in which the Giesekus model was used, and the simulation result by Housiadas et al. (22) , which assumed viscoelastic fluid such as polymer solution. The maximum of the dissipation rate is located in the buffer layer, but it is on the wall in the case of Newtonian fluid. In the distributions of the vorticity fluctuation intensity in Fig. 8 and the velocity fluctuation intensities in Fig.9 , we found that the quasi-streamwise vortices and the velocity fluctuation were relatively strong in the buffer layer. The dissipation caused by the high SIS viscosity highly affects the vortices locally in the case of surfactant solution.
Next, Fig. 11 shows the profiles of the pressure-strain correlation terms Φ 
we investigate the pressure fluctuation related to the amplitude of the pressure-strain correlation term. Figure 12 fluctuations in wall turbulence involve centrifugal force due to swirl motion of small-scale vortices. That is why, for surfactant solution, the quasi-streamwise vortices decay and the intensity of the pressure fluctuation becomes small. Consequently, we found that the vortex decay suppresses redistribution of the velocity fluctuation energy from the streamwise component to the wall-normal and spanwise components. It follows that the wall-normal and spanwise components of the Reynolds stress decrease and the streamwise component increases. Figure 13 shows the profiles of the production term P + 12 of the Reynolds shear stress R 12 and the pressure-strain correlation term Φ + 12 , which contributes to the decrease of the Reynolds shear stress. In the case of surfactant solution, the production term decreases and the pressurestrain correlation term also decreases due to the suppression of the pressure fluctuation. The production term of the Reynolds shear stress term R 12 in turbulent channel flow is
because u 2 = u 3 = 0. The suppressed redistribution makes the Reynolds stress R 22 decrease and, consequently, the Reynolds shear stress R 12 decreases. The production term of the Reynolds stress term R 11 in turbulent channel flow is
The decreasing Reynolds shear stress R 12 causes the Reynolds stress R 11 to decrease through the change of the production term P 11 . Such relations between the Reynolds stress and the
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Vol. 7, No.3, 2012 Fig. 14 Profiles of streamwise mean velocity normalized with the variable viscosity redistribution have also been observed in simulations with different constitutive equations (18) , (22) .
Now we can see from the above that quasi-streamwise vortices stimulate the viscous dissipation of the velocity fluctuation energy around an SIS area with high viscosity, vortex decay and decreasing pressure fluctuation suppress the redistribution of the energy and decrease of the wall-normal and spanwise components of the Reynolds stress, and then the production rate of the Reynolds shear stress decreases. The relation between the wall friction coefficient and the Reynolds shear stress has been already pointed out, for example, by Fukagata et al. (23) , and we know that decreasing Reynolds shear stress reflects drag reduction of the wall friction. That is why it is important to estimate the Reynolds shear stress related to drag reduction of wall turbulence. As we showed above, however, the budget of the transport equation for the Reynolds shear stress of surfactant solution balances in a different ratio from that of Newtonian fluid. Therefore, we will not be able to estimate the Reynolds shear stress properly to predict drag reduction in such a turbulent flow field even if we use a turbulence model assuming Newtonian fluid.
Normalization with Locally Variable Viscosity
Until the previous section, we normalized the simulation results of surfactant solution with constant reference scales for the flow field as well as wall turbulence of Newtonian fluid. In general, however, normalization with the same reference scales as Newtonian fluid is not necessarily applicable to non-Newtonian viscous fluid such as surfactant solution. So, we now consider normalizing physical quantities in wall turbulence with reference scales assuming characteristics of surfactant solution. First, we use the friction velocity u τ = τ w /ρ calculated from the simulation results as a velocity scale as well as Newtonian fluid. Next, the viscosity coefficient μ included in the kinetic viscosity ν = μ/ρ for surfactant solution corresponds with the shear viscosity η S and the extensional viscosity η E . Because we assume that the viscosity exhibits non-Newtonian effects such as constant extensional viscosity η E and shear viscosity η S that changes depending on the shear velocity, we estimate the kinetic viscosity by using the viscosity of surfactant solution η in the simulations and the density ρ, where η represents η S and η E . The viscosity η can change temporally and spatially, and has more than one component. As one of the reference scales, we used the mean viscosity η calculated as an average for a sufficiently long time in the streamwise and spanwise directions in which the turbulent flow field is homogeneous. We also calculated an average of the components for the mean viscosity. This viscosity scale η changes depending on the distance from the wall. Finally, we normalized all physical quantities in surfactant solution with the wall friction velocity and the variable viscosity scale. We will express this normalization with a super-Science and Technology Vol.7, No.3, 2012 
Turbulence Statistics Normalized with Variable Viscosity
We investigated the turbulence statistics of surfactant solution normalized with the wall friction velocity u τ and the viscosity scale η/ρ defined above. First, Fig. 14 shows the profile of the mean streamwise velocity. In the following figures, we add the results of Newtonian fluid with the superscript + for comparison. The velocity profile of surfactant solution corresponds to Virk's asymptote in 6 < y ⊕ < 13. This is because, in the region where many vortices exist, the viscosity becomes large due to the SIS in surfactant solution assumed in this study, and the viscous length scale changes depending on the strength of the local variable viscosity.
Next, Fig. 15 shows the distribution of the vorticity fluctuation intensity ω Then, it is shown that we can measure the distance from the wall in the profiles of the turbulence statistics of surfactant solution with normalization based on locally variable viscosity, as with Newtonian fluid. In this study, however, the intensities of the fluctuations could not be measured universally even with the variable viscosity. Science and Technology Vol.7, No.3, 2012 Fig. 17 . The profile of the production term looks close to that of Newtonian fluid and the peak positions coincide, although the viscous dissipation term has a peak away from the wall and the profile is different from that of Newtonian fluid. Figure 18 shows the profiles of the pressure-strain correlation terms of the Reynolds stress Φ Figure 19 shows the profiles of the production term P From the above, we find that the intensities and length scale of the profiles of the Reynolds stress production rates and the Reynolds shear stress can be estimated as well as those for Newtonian fluid by normalizing with the wall friction velocity and variable viscosity of surfactant solution, except the viscous dissipation. Because the viscous dissipation is directly related to the viscosity, it might be necessary to include the influence of the locally Vol.7, No.3, 2012 We can see more quasi-streamwise vortices compared with vortices normalized with the wall friction velocity u τ and the constant viscosity ν = μ/ρ as seen in Fig. 6(b) . Moreover, spanwise distances of the low-speed streaks are small, and features of the streak structures are similar to those of Newtonian fluid compared with the low-speed streaks normalized with the wall friction velocity u τ and the constant viscosity, ν = μ/ρ as seen in Fig. 7(b) . Relation of the instantaneous turbulence structures reveals that the vorticity fluctuation intensity is smaller than that of Newtonian fluid, and fewer vortices are observed. However, quasi-streamwise vortices are obviously distributed corresponding to low-speed streaks. As a result, the appearance of the instantaneous turbulence structures becomes close to that of Newtonian fluid, making it the universal feature of coherent structures regardless of viscosity characteristics even in wall turbulence of surfactant solution.
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Conclusions
To examine the influence of surfactant on fully developed wall turbulence, we conducted Vol.7, No.3, 2012 DNS of turbulent channel flow with the non-Newtonian effect of the shear viscosity due to the SIS of surfactant solution. As a result, our simulations reproduced turbulent flow with drag reduction DR < 40%. By studying the modulation of turbulence in Newtonian fluid, we confirmed that the influence of high viscosity due to the SIS on swirling motion and the decay of quasi-streamwise vortices by viscous dissipation suppressed redistribution of the velocity fluctuation energy and reduction of friction drag. In addition, by studying turbulence statistics and instantaneous structures normalized with the variable viscosity, we found the following.
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• Features of the turbulence statistics of surfactant solution correspond to those of Newtonian fluid. This means that spatial characteristics of wall turbulence of surfactant solution can be estimated as well as for Newtonian fluid by normalizing with the generalized nonNewtonian viscous fluid. The amplitudes of the turbulence statistics approached but did not coincide with those of Newtonian fluid.
• The wall-normal distribution of the viscous dissipation of the turbulent kinetic energy, which the viscosity characteristics obviously affect, deviates from that of Newtonian fluid, although the other high-order turbulence statistics related to the energy budget are similar.
• Distribution density of low-speed streaks in the instantaneous turbulence structures becomes large compared to those normalized with the constant viscosity. In addition, quasistreamwise vortices can be also visualized around each low-speed streak. As a result, We found that we could observe the spatial feature of the turbulence structures of surfactant solution as is the case for Newtonian fluid.
As a conclusion of this study, we showed that the spatial scale and fluctuation intensities of wall turbulence of surfactant solution became similar to those of Newtonian fluid, and we could universally predict turbulence features of non-Newtonian viscous fluid. However, the amplitude of the viscous dissipation needs additional adjustment. This finding will shed light on mechanisms of turbulent drag reduction and help develop new turbulence models.
